We have previously developed hydroxyapatite (HAp) cement based on the chelate-setting mechanism of sodium inositol hexaphosphate (IP6-Na). In the present study, the effect of the IP6-Na concentration on material properties, such as compressive strength, setting time, consistency, and anti-washout capability, of the chelate-setting hydroxyapatite cement was investigated with the aim to develop paste-like artificial bone with anti-washout capability. Starting powders for cement fabrication (IP6-HAp powder) were prepared by simultaneous grinding and surface-modification of the HAp powder in various concentrations (0 20000 ppm) of IP6-Na solution. The amount of IP6 adsorbed on the surface of the HAp powders increased with the IP6-Na concentration and resulted in a negative charge on the powder surface. Dispersion of the IP6-HAp powder was improved with increasing IP6-Na concentration. A workable cement paste was prepared from the negatively charged IP6-HAp powder (<¹20 mV) at a higher powder/liquid ratio, regardless of the low water content. The compressive strength of the resulting cement specimens increased from 1.4 to 8.3 MPa with an increase of the relative density. HAp powders surface-modified with 5000 to 10000 ppm IP6-Na are effective for fabrication of IP6-HAp cements with enhanced material properties. In particular, surfacemodification with 5000 and 10000 ppm IP6-Na improved the handling feasibility of the cement paste. IP6-HAp cement fabricated by controlling the IP6-Na concentration is promising as an injectable artificial bone for minimally-invasive treatment.
Introduction
Hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 ; HAp) has been used as a bioceramic for bone grafting due to its biocompatibility and osteoconductivity. HAp is clinically applied in the following forms: granule, dense ceramic, porous ceramic and cement (paste-like bone graft). The granules are capable of being filled into bone defects; however, they are practically limited to nonload-bearing regions, while migration of the particles is also a problem. 1),2) Dense ceramics are too brittle to trim for fitting the bone defect completely, and the resulting inadequate filling may retard bone-healing and bone-bonding between the bone and dense ceramic. 3) In contrast, porous ceramics may promote bone ingrowth inside the pores by inducing cell migration and the formation of vessels among them; however, it has also been shown to be too brittle. 4) 7) The cement has an advantage in that desired shapes can be formed during surgical operation, and has therefore received much attention.
8)11)
Generally, calcium-phosphate cement (CPC) is fabricated by mixing calcium-phosphate powders and suitable mixing solutions such as neutral sodium hydrogen phosphate 8) or sodium citrate. 9) , 10) On the basis of the first study of Brown and Chow, one of the typical CPCs consists of two different calcium-phosphate powders; acidic dicalcium phosphate dihydrate (CaHPO 4 · 2H 2 O; DCPD) and basic tetracalcium phosphate (Ca 4 O(PO 4 ) 2 ; TTCP). 12) However, the setting reaction may cause inflammation in the surrounding tissues by the acid-base reaction. 11) One of the present authors and his coworkers have developed a novel CPC using inositol hexaphosphate (C 6 H 6 (OPO 3 H 2 ) 6 ; IP6) as a chelating agent. 13 ), 14) IP6 is contained in grains of wheat, rice, corn, and soybean 15) and has a strong chelating capability to Ca 2+ ions, similar to ethylenediaminetetraacetic acid (EDTA). This newly-developed cement was fabricated by mixing HAp powders that were surface-modified with IP6 and suitable mixing solutions, and setting could be achieved by chelate-bonding of IP6 without acid-base reaction.
Handling feasibility of a cement paste is an important factor for its clinical application as an injectable cement, in addition to the mechanical properties and anti-washout capability of the set cement. Several attempts have been made toward this purpose by changing i) the viscosity of the cement paste by the addition of chitosan, 16) hydroxypropyl methylcellulose 17) or sodium alginate 18) into the mixing solution, and ii) the electrostatic interaction among CPC reactant surfaces by the addition of sodium citrate 9),10), 19) or sodium hexametaphosphate. 20) The surface charge of the particles in the cement paste becomes negative by the adsorption of sodium citrate or sodium hexametaphosphate onto the surface, which improves the viscosity of the cement paste due to a liquefying effect.
We have previously reported that the ¦-potential of ¢-tricalcium phosphate (¢-Ca 3 (PO 4 ) 2 ; ¢-TCP) becomes negative when the powder is surface-modified with IP6-Na. 21 ) Therefore, it is expected that the ¦-potential of HAp particles surface-modified with IP6-Na could also become negative with an increase in the amount of adsorbed IP6. The resulting negative surface charge could therefore change the electrostatic interaction between HAp particles.
Our final goal is to develop a novel injectable CPC with suitable mechanical properties and anti-washout capability, based on the chelate-setting mechanism using IP6-Na. We have successfully prepared a starting cement powder by surface-modification with IP6-Na after milling the HAp powder. 22 ),23) Smaller size HAp particles are required for the development of a cement based on the chelate-setting mechanism using IP6-Na, because smaller HAp particles provide many more chelating sites for IP6-Na.
Thus, the conventional process was improved to establish a novel process for the preparation of IP6-HAp cement powder with smaller particle sizes. In the novel process, the starting HAp powders for cement fabrication are prepared by simultaneous grinding and surface-modification of the HAp powders in IP6-Na solutions of various concentrations. In the present study, the effect of IP6-Na concentration on material properties such as compressive strength, setting time, consistency, and the antiwashout capability of the chelate-setting HAp cement was investigated for the development of a paste-like artificial bone with anti-washout capability.
Experimental procedure

Preparation of HAp powder surface-modified with IP6
Ten grams of commercially-available HAp powder (HAp-100, Taihei Chemical Inc., Japan) was ground and its surface was simultaneously modified by milling with 50 cm 3 of IP6-Na solution (50% phytic acid, Wako, Japan) using a planetary mill (Pulverisette 6, Fritsch, Germany) for 2 h at a rotation rate of 300 rpm in a ZrO 2 pot with 50 ZrO 2 beads with 10 mm in diameter. Sodium inositol phosphate solutions with concentrations of 0, 1000, 5000, 7000, 10000, and 20000 ppm were prepared using phytic acid, and adjusting to pH 7.3 with NaOH solution (0.1 mol·dm
¹3
). After ball milling, the slurry was filtrated and freeze-dried for 24 h to yield surface-modified HAp powders. Hereafter, sample labels are employed; for example, the HAp powder surface-modified with 10000 ppm IP6-Na is denoted 10000-IP6-HAp.
Characterization of IP6-HAp powder
Inductively coupled plasma-atomic emission spectroscopy (ICP-AES; SPS7800, SII NanoTechnology, Japan) was used to measure the amount of IP6 adsorbed on the surface of the IP6-HAp powders. The slurry was centrifuged after ball milling and the supernatant was collected. The concentration of P in each supernatant was measured using the ICP-AES. The amount of IP6 adsorbed on the surface of the HAp powder was calculated from the difference in the concentrations of P before and after ball milling.
The ¦-potentials of the IP6-HAp powders were measured at 25°C using a laser-Doppler velocimeter (ELS-6000, Otsuka Electronics, Japan) in a 10 mmol·dm ¹3 NaCl solution. The median size of the IP6-HAp powders was measured with a laser particle size analyzer (LA-300, Horiba, Japan). Samples for measurement were prepared by dispersing approximately 1 mg of the IP6-HAp powder in distilled water by ultrasonication for 3 min.
The surface morphology of the IP6-HAp powders was observed using scanning electron microscopy (SEM; VE-9800, Keyence, Japan) at an accelerating voltage of 1.3 kV. The samples were coated with Au by sputtering prior to SEM observation.
The IP6-HAp particles were also observed using transmission electron microscopy (TEM; JEM-2100F, JEOL, Japan) at an accelerating voltage of 200 kV. Samples for TEM observation were prepared by dispersing the powders in ethanol and collecting them onto carbon-coated copper grids (300 mesh, Agar Scientific, England).
The specific surface area (SSA) of the IP6-HAp powders was determined by the Branauer-Emmett-Teller (BET) method (Flowsorb III, Shimadzu, Japan). 0.05 g of each IP6-HAp powder was employed for the SSA measurement.
Measurement of Ca and P elution was conducted by shaking 0.25 g of each IP6-HAp powder in 5 cm 3 of pure water for desired periods. After the shaking, the supernatant was collected by centrifuging and the concentration of Ca and P was examined by the ICP-AES.
Preparation of IP6-HAp cement paste and its evaluation
The IP6-HAp cement paste was prepared by mixing the IP6-HAp powder and distilled water at various powder/liquid ratios (P/L=[g/cm 3 ]). The consistency of the resulting cement paste was evaluated by the following method. Glass plates (120 g) were placed on the cement paste (0.5 cm 3 ) and the spread area was measured after 5 min using the Image J software (public domain software developed by National Institute of Health, USA).
Specimens for compressive strength (CS) measurements were prepared by hardening the cement paste in a cylindrical Teflon μ mold (6 mm in diameter and 12 mm in height) for 24 h at room temperature. The CS was measured using a universal testing machine (Autograph AGS-J, Shimadzu, Japan) with a 5 kN load cell at a crosshead speed of 500¯m·min
The fracture surface microstructure of the cement was investigated using the SEM. The relative density (RD) of the cements was calculated from the measured density of the cylindrical specimen divided by the theoretical density of HAp (3.16 g·cm ¹3 ). After preparation of the cement pastes, the initial setting time of the cement paste packed in a plastic mold (8 mm in diameter and 2 mm in height) was measured at the desired period using a light Gillmore needle (113.4 g).
The anti-washout capability of the cement pastes was tested by referring to the literature 24) with some modifications. A spherical cement paste (ca. 1 cm in diameter) was immersed in distilled water, instead of a saliva-like solution, at 0.5, 1, 3, 6, and 24 h after cement preparation. After each immersion, the sample was judged by naked-eye observation. The test cement was deemed to pass if no disintegration was evident.
Results and discussion
Characterization of prepared IP6-HAp powder
Figures 1(A) and 1(B) show the amounts of IP6 adsorbed on the HAp powder and the ¦-potential as functions of the IP6-Na concentration, respectively. The amount of IP6 adsorbed on the HAp powder was normalized according to the SSA value. The amounts of IP6 adsorbed on the HAp powder increased with the IP6-Na concentration [ Fig. 1(A) ], and the ¦-potential decreased [ Fig. 1(B) ]. The adsorption of IP6 to the HAp powder resulted in a negative ¦-potential, because IP6 has twelve negative hydroxyl groups.
The ¦-potential almost reached a plateau at more than 10000 ppm; however, the amount of IP6 adsorbed on the HAp powder did not reach the total saturation. This explains why the powder could not be completely washed after filtration, and thus, the prepared powder contained physically trapped IP6. The trapped IP6 molecules were released during the ¦-potential measurement, causing the ¦-potential to reach a plateau.
In previous studies, sodium citrate or sodium hexametaphosphate were employed, for the surface modification of CPC particles; 9),10),19),20) the surface of the CPC reactants was modified by adsorption of sodium citrate or sodium hexametaphosphate, improving the dispersion of the CPC reactants as a result of the increased negative surface charge. Figure 2 indicates that the median size of the IP6-HAp powder decreased with increasing IP6-Na concentration; 7.6¯m for 1000-IP6-HAp and 4.2¯m for 20000-IP6-HAp. All the prepared IP6-HAp powders were weakly agglomerated. However, the negative surface charge of IP6-HAp particles may inhibit the agglomeration of individual particles due to electrostatic repulsion. 9),10) Thus, the median size of the prepared powders decreased with increasing IP6-Na concentration. Figure 3 shows the SEM micrographs of the IP6-HAp powders. In Fig. 3(a) , 20¯m HAp particle agglomerates are evident, as indicated by the arrows. Figures 3(b)3(f ) show that the number of the HAp particle agglomerates decreased with increasing IP6-Na concentration; surface-modification of HAp with IP6 inhibits the agglomeration of HAp particles. These results are consistent with the decrease in the median size of the prepared powders. Highly-magnified SEM images revealed no significant difference in the surface morphology of each powder.
The morphology of the IP6-HAp particles was examined in detail using the TEM. Figure 4(a) shows that without IP6-Na surface-modification, the HAp primary particles are agglomerated. In contrast, an increase of the IP6-Na concentration led to improved dispersion of the HAp primary particles [Figs. 4(b)4(d) ], which may be ascribed to the mutual repulsion of their negative surface charges.
To confirm the stability of the IP6 adsorbed on the prepared powder, the elution of Ca and P from each IP6-HAp powder was measured using the ICP-AES (Fig. 5) . Calcium and phosphorus elution was detected for the 5000, 7000 and 10000-IP6-HAp powders, but was barely significant for the 0 and 1000-IP6-HAp powders. Most of the eluted P probably originates from IP6-Na, because physically-adsorbed IP6 on the surface of HAp particles could be eluted during shaking. Furthermore, Ca was detected in the 5000, 7000 and 10000-IP6-HAp powders, which suggests that these powders may be partially dissolved. Hydroxyapatite is generally regarded as the most stable material among calcium phosphates. However, as Oonishi et al. 25) reported, low crystallinity HAp is more soluble than highly crystalline HAp. The degree of crystallinity of the IP6-HAp powders was lowered with increasing IP6-Na concentration (data not shown); therefore, a very small amount of Ca and P was eluted from the powders surface-modified with high IP6-Na concentrations, such as the 5000, 7000 and 10000-IP6-HAp powders. In addition, elution of Ca may lead to a decrease in the median size of prepared powder; in the 5000, 7000 and 10000-IP6-HAp powders, the Ca ions chelated by IP6 were eluted from HAp particles during shaking, which resulted in a decrease of the median size of the prepared powder. This result is consistent with the decrease in the degree of crystallinity of the prepared powders. Table 1 gives the compressive strength (CS) and relative density (RD) of the resulting cement specimens. CS generally has a strong correlation with RD and the P/L ratio; reduction of the P/L ratio leads to a decrease in the RD of the cement specimen, and consequently to a low CS. 26)28) As expected, CS and RD decreased with a reduction of the P/L ratio. The CS and RD of the 5000 and 10000-IP6-HAp cement specimens (P/L = 1/0.51/0.7 [g/cm 3 ]) were much higher than the corresponding values for the 0 and 1000-IP6-HAp cement specimens (1/0.9 1/1.2). The maximum CS obtained from the examined cement specimens was 9.9 « 1.9 MPa for the 10000-IP6-HAp cement (1/0.5). 
Evaluation of some properties of IP6-HAp cement
The setting times of the cement pastes is given in Table 2 . The setting time was shortened with the increase of the P/L ratio, and that for the 5000 and 10000-IP6-HAp cement pastes was approximately 30 min. These results may be due to the difference in the P/L ratios; the 5000 and 10000-IP6-HAp cement pastes were prepared from mixtures with almost half the water content of the 0 and 1000-IP6-HAp cement pastes (1/1.2).
Handling feasibility of the cement pastes was evaluated by measuring the consistency. The consistency of the cement pastes increased with decreasing P/L ratio (Fig. 6) . The relation between the consistency and the P/L ratio is similar to that reported by Ishikawa et al. 29) Moreover, the P/L ratios of the 5000 and 10000-IP6-HAp cement pastes (1/0.51/0.7) were higher than those of the 0 and 1000-IP6-HAp cement pastes (1/0.91/1.2), which suggests that the highly negative charged 5000 and 10000-IP6-HAp powders provided workable cement pastes with a small amount of mixing solution, i.e., at higher P/L ratio.
The CS, RD, setting time, and anti-washout capability of the cement pastes prepared from four different IP6-HAp powders are compared in the following, where the cement pastes have almost the same level of consistency: 0-IP6-HAp (P/L = 1/1.2), 1000-IP6-HAp (1/1.2), 5000-IP6-HAp (1/0.5) and 10000-IP6-HAp (1/0.6). Figure 7 shows a comparison of CS for these cement specimens. Despite the same level of consistency, the CS for the 5000 and 10000-IP6-HAp cement specimens was much higher than that for the 0 and 1000-IP6-HAp cement specimens.
The RD of these cement specimens is given in Table 1 . The RD of the 5000 and 10000-IP6-HAp cement specimens was more than 10% higher than those of the 0 and 1000-IP6-HAp cement specimens. The cement pastes prepared with a smaller amount of mixing solution resulted in cement specimens with higher RD, and this may be the main reason for the higher CS of the 5000 and 10000-IP6-HAp cement specimens than those of the 0-and 1000-IP6-HAp cement specimens.
The microstructure of the fracture surfaces was observed using the SEM. Figure 8 reveals that many micropores were present between the particles in the fractured cement surfaces of the 0 and 1000-IP6-HAp cement specimens, as indicated by the arrows. In contrast, the fracture surfaces of the 5000 and 10000-IP6-HAp cement specimens had quite smooth surfaces. The porosity of the fractured cement surfaces reflects the RD results. In addition, the CS of the 5000 and 10000-IP6-HAp cement specimens increased with decreasing porosity.
The results of the anti-washout capability testing are shown in Fig. 9 . After 6 h had elapsed since the preparation of the cement paste, all the cement pastes tested exhibited anti-washout characteristics.
However, the setting time and anti-washout time may be too long for clinical application. This is presumably due to the use of distilled water as a mixing solution, which is not explicitly involved in the setting reaction of the cement. Therefore, as previously reported, when cohesion promoters such as chitosan, 16) hydroxypropyl methylcellulose 17) and sodium alginate 18) are used in this cement system, it is expected that the setting time and the anti-washout time would be shortened. However, we did not examine cohesion promoters in the present study, but instead focused on the effect of IP6-Na concentration on the material properties of the cement. Handling feasibility of the cement paste is an important factor for clinical application. Several attempts have been made to improve the handling feasibility of cement pastes by changing viscosity or the interactions between the CPC reactant surfaces. Sodium citrate 9),10), 19) and sodium hexametaphosphate 20) can be used to change the viscosity by modification of the surface of the CPC reactants, which leads to a liquefying effect in the cement paste due to an increase in the negative surface charge. The liquefying effect was macroscopically observed in the 5000 and 10000-IP6-HAp cement pastes. Figure 7 clearly shows that the liquefying effect of the 5000 and 10000-IP6-HAp cement pastes enables low water content and workable cements to be prepared with much higher CS than cements prepared from the 0 and 1000-IP6-HAp cement pastes. It was confirmed that surface-modification with IP6-Na (by adsorption) could change electrostatic interaction between HAp particle surfaces; mutual repulsion of individual particles in the cement paste. Incidentally, the liquefying effect of cement paste is well-known as a mean to reduce water-induced porosity.
10),30) One of the most important factors for control of the CS of a cement specimen is RD. 9) Increasing RD allows fabrication of higher CS cement specimens. The RD of the 5000 and 10000-IP6-HAp cement specimens was much higher than that of the 0 and 1000-IP6-HAp cement specimens due to the liquefying effect in the cement paste. Thus, the CS of the cement specimens is enhanced as a result of an increase in RD. In addition, the results for the elution of Ca and P (Fig. 5) suggest that dissolutionprecipitation reactions of the IP6-HAp powder may also contribute to the setting of the cement, where the precipitation of HAp is assumedly caused by eluted Ca and P.
The surface-modification made during ball milling in the present study may also be effective for a dicalcium phosphate anhydrous (CaHPO 4 ; DCPA)-TTCP cement system. To adjust the particle size in the DCPA-TTCP cement system, the DCPA powder is generally ground in ethanol to prevent agglomeration. 8),10) If a liquefying agent such as sodium citrate or sodium hexametaphosphate 9),10),19), 20) is used in the milling solution instead of ethanol, the agent may be adsorbed onto the surface of DCPA, which would result in deagglomerated particles with negative surface charges. Thus, the liquefying effect of DCPA-TTCP cement could be accomplished as described in some reports. 9),10),19), 20) From a clinical perspective, injectable CPC is required for minimally-invasive treatment; however, conventional CPC is not injectable, but is disturbed by the filter-pressing effect during injection, which causes liquid-solid phase separation. 31) Gbureck et al. have reported that the liquefying effect also improves the injection properties of CPC. 9) Thus, chelate-setting HAp cements fabricated from the 5000 to 10000-IP6-HAp powders, in which the liquefying effect was macroscopically observed, are promising as injectable cements.
Conclusions
The effect of IP6-Na concentration, used for surface-modification, on the CS, setting time, consistency, and anti-washout capability of the resulting chelate-setting HAp cement was investigated. The amount of IP6 adsorbed on the surface of the HAp powders increased with increasing IP6-Na concentration,
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Elapsed which led to more negative charge on the powder surface. Dispersion of the IP6-HAp powders was improved with increasing IP6-Na concentration due to mutual electrostatic repulsion as a result of the negative surface charges. Workable cement paste with a high P/L ratio was prepared from the IP6-HAp powder with negative surface charge of less than ¹20 mV. Surfacemodification with 5000 and 10000 ppm IP6-Na improved the handling feasibility of the cement paste, which may be used as paste-like artificial bone. The CS of the resulting cement specimens increased from 1.4 to 8.3 MPa with increasing RD. Thus, HAp powders surface-modified with 5000 to 10000 ppm IP6-Na are effective for the fabrication of IP6-HAp cements with enhanced material properties. Chelate-setting HAp cement with controlled IP6-Na concentration is promising for application as an injectable artificial bone using a minimally-invasive technique.
